Some of the most widely used, most sensitive detection methods available for gas chromatography (GC) function by directly converting chemical species in the GC effluent to gas-phase ionization. This article reviews the scientific principles that provide the basis of operation for the flame ionization detector, the electron-capture detector, the photoionization detector, and the thermionic ionization detector. These popular detectors are described from the viewpoint of their common characteristics as ionization detection methods, their specific differences in mechanism of operation and performance characteristics, and their most significant design criteria.
Introduction
The function of a gas chromatography (GC) detector is to produce an electrical signal in response to chemical compounds eluting from a chromatographic column. In addition to signal ing the moment of elution of a given compound, the detector provides the means whereby the quantity of the compound can be electronically measured and recorded. Detection devices that function by directly converting incoming chemical species to gasphase ionization have been especially successful as GC detec tors. The general category of ionization detectors includes specific types like the flame ionization detector (FID), the electron-capture detector (ECD), the photo-ionization detector (PID), and the thermionic ionization detector (TID). These represent some of the most widely used, most sensitive detec tion methods available for GC.
The nomenclature of a type of GC detector usually describes its scientific principle of operation. There are currently many different types of GC detectors which encompass a very impres sive range of different physical and chemical phenomena. A basic understanding of the phenomena active in a given detec tor can be a valuable guide to the optimum design and use of that detector. The present paper reviews the operating principles of the four previously mentioned detector types: FID, ECD, PID, and TID. These detectors are discussed from the stand point of their common characteristics as ionization detection methods, their specific differences in mechanism of opera tion and performance characteristics, and their most signifi cant design criteria.
Features Common to All Ionization Detectors lonizaton production
Gas-phase ionization is produced within the working volume of a GC detector by the application of energy in one form or another. In an FID, the energy supplied is the chemical and ther mal energy of an H 2 /air flame; in an ECD, ionization is pro duced from the energy of beta particles emanating from a radioactive material; in a PID, the ionization energy is provided by irradiation with ultraviolet light; and in a TID, the energy is the catalytic and thermal energy of a hot, solid surface. For each of these detectors, the ultimate design goal is to choose a geometrical configuration and operating conditions that max imize the ionization signal from the samples of interest while minimizing the ionization signal from the detector background environment. In the FID, PID, and TID, there are usually small background levels of ionization, and the introduction of samples produces an increase in the ionization level. In the ECD, a high level of ionization is always present, even in the absence of sample. The ECD is unique as an ionization detector in the sense that it functions by a process of redistribution of ionization be tween different types of ionized species rather than by an in crease in the overall ionization level. In all these detectors, the ionization ultimately produced is gas-phase ionization, which then must be moved through the prevailing gas environment to a metallic ionization collector electrode.
Ionization collection and measurement
The overall efficiency of an ionization detector depends on the efficiency of ionization collection as well as the efficiency of ionization production. All ionization detectors contain a col lector electrode and a nearby polarization electrode. The voltage difference between the polarization and collector electrodes creates an electric field that causes gas phase ionized species of a given electrical polarity to move toward the collector. Some ionization detectors collect positive ionization, while others col lect negative ionization. In all cases, the specific geometical con-
Flame Ionization Detector
The FID (1) is the single most important detector in chro matography. Its success can be traced to four basic character istics: it responds universally to almost all organic compounds; it has relatively high sensitivity; it has a very wide range of linear responses; and it is relatively simple, maintenance free, and capable of providing a stable response over a long period of time.
The mechanism of ionization production in the FID is the combustion of organic samples in the high-temperature, chem ically active environment of an H 2 /air flame. The FID flame is a classic example of a diffusion flame (2, 3) . The GC effluent is mixed with H 2 and is propagated through the center of a flame jet structure; air is supplied around the periphery of the jet. of an FID is often specified as 10 7 or greater, but the FID user should be aware that FID responses at high sample concentra tions may be sample-dependent because the sample is contribut ing an additional fuel to the flame. Also, the use of N 2 rather than helium as the GC carrier gas or capillary make-up gas usually provides the best sensitivity and linearity for most com mercially available FIDs (5).
Electron Capture Detector
electron. The ECD has been especially popular for the specific detection of trace levels of halogenated compounds.
As mentioned earlier, a high level of ionization is continuously maintained in the ECD by irradiation of the gas within the detector volume by beta particles emanating from a radioactive surface. The most widely used radioactive material is nickel-63 because it can emit beta particles for long periods of time even when operated at 400°C. The beta irradiation ionizes the detector background gas even in the absence of sample compounds. As a result, an equilibrium concentration of ionization, consisting of positive ions, free electrons, and sometimes negative ions is maintained in the ECD.
The ECD functions by sensing changes in the concentration of free electrons within the detector volume. When an electro negative sample is introduced into the detector, it attaches to a free electron to form a negative ion species, producing a net decrease in the detector's electron concentration. Since the con centration of electrons is very large in the absence of sample, and since the concentration of sample compound is usually very small, the ECD usually senses very small changes in electron concentration superimposed on an otherwise very large current of free electrons. Hence, more than any other detector discussed in this article, the ECD is adversely affected by contaminants in the detector gases used, by contamination from excessive GC column or septa bleed, or by contamination from complex sam ple matrices. Such contamination causes decreased ECD sen sitivity and increased baseline instabilities.
The ECD (6) is one of the most sensitive detectors available for gas chromatography. It is a specific detector that responds only to compounds with molecular structures conducive to the formation of negative ions by the process of attachment of an 
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In order to function properly, an ECD must collect negative polarity ionization in the form of electrons, but must not collect ionization in the form of negative ion species. This is the single most important constraint in designing the geometrical con figuration, the gas flow path, and the electrical field pattern of an ECD cell. If a given ECD design does not adequately discriminate between the collection of electrons vs. negative ions, then that ECD design will usually exhibit a non-linear perfor mance characteristic.
A primary difference affecting the collection of electrons vs.
negative ion species is that electrons move much more quickly than negative ions in a given electric field. As a result, the direc tion of gas flow through the ECD has a much greater effect on the motion of ion species than on the motion of electrons. Figure 4 illustrates two different geometrical configurations used in commercially available ECD cells. In the configuration described as displaced coaxial cylinders (7), the collector elec trode is located entirely outside and upstream of the volume of gas ionized by beta particles from the radioactive material.
In this configuration, electrons must move against the gas flow in order to reach the collector, and negative ions tend to be swept away from the collector. In the ECD configuration described as concentric cylinders, the collector electrode is a rod extending through the center of the ionized volume, and collected electrons are moved in a direction transverse to the gas flow. This con figuration usually requires a more delicate optimization of electric field magnitude and gas flow in order to prevent negative ions from also reaching the collector. From the schematic diagram in Figure 5 of the pulse train that corresponds to the presence of a sample in the ECD cell, it is clear that the maximum possible frequency coincides with the point where the pulses begin to overlap. Hence, in order to obtain dynamic range extending to very large sample con centrations, the pulse width must be very narrow so that the maximum frequency can extend to very large values. Typically, the pulse-modulated method uses pulse widths that are only a fraction of a microsecond in duration.
In the absence of sample, the time period between voltage pulses is typically 10 3 to 10 4 times longer than the width of each pulse. Hence, the ECD cell is effectively not polarized for most 
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Ionization is produced in the PID by irradiating sample com pounds with ultraviolet light. Whether or not a given sample compound is ionized depends on the ionization potential of the sample and the energy of the irradiating photons. Generally, compounds are ionized if their ionization potentials are less than or equal to the photon energy. Since both organic and inorganic samples can satisfy this criterion, the PID has applicability to a much wider range of substances than a detector like the FID. The PID also provides the possibility of substantially varying the selectivity of detector response by varying the energy of the photons. Hence, commercially available PIDs can be operated in either universal or selective modes of detection.
As in the FID, the ionization process in the PID occurs in the gas phase. Consequently, equal concentrations of positive and negative ionized species are formed. Some PIDs collect positive ionization while others collect negative ionization. Since stray UV photons can also eject photoelectrons from metallic surfaces within the ionization chamber, the collection of positive ionization generally presents less of a design problem in sup pressing collection of these extraneous electrons than does negative ionization collection.
The key component of the PID is the source of ultraviolet light. In recent years, the most widely used PID designs have employed a sealed ultraviolet light source coupled to the ioniza tion chamber (9) . This arrangement has allowed the operating parameters of the ionization chamber and the light source to be independently optimized, and it has especially facilitated changes in PID selectively by interchange of different ultraviolet light sources. The two important characteristics of the ultraviolet sources are photon energy and photon intensity. While the photon energy determines PID selectively, the photon intensity determines the PID sensitivity. A large body of PID data have been obtained (10,11) with a 10.2 eV light source because it provides a relatively high proton intensity and a photon energy sufficient to ionize many organic and inorganic samples. This 10.2 eV source, therefore, provides a universal mode of detec tion for the PID, which has excellent sensitivity. Other light sources that have been used in the PID are 11.7 eV, 9.5 eV, and 8.3 eV lamps. The 11.7 eV lamp extends the universal response of the PID to additional compounds, while the 9.5 and 8.3 eV lamps provide selective PID responses to a more limited number of compounds.
A particular advantage of the PID is that it is a universal detector that requires only a single inert detector gas, such as helium or N 2 , unlike an FID, which requires H 2 and air to support a flame. However, response factors for organic com pounds generally exhibit a greater compound-to-compound variance for the PID (10) than for an FID. This difference can be attributed to the complete decomposition of organics in the H 2 /air flame of an FID vs. the photo-ionization of intact organic molecules in the PID. In general, any GC detector which functions by decomposing samples to their elemental consti tuents will usually produce more uniform detector responses that are independent of the original molecular structure of the sample.
The fact that a PID is non-destructive to sample compounds is another advantage that allows the PID to be used in series combinations with other GC detectors (11, 12) . The PID has been combined with the FID, the ECD, the nitrogen-phosphorus detector (NPD), and the Hall electrolytic conductivity detector (HECD). Such series combinations can be very valuable because they simultaneously produce two different types of detector responses for each sample eluting from the GC column One disadvantage of the PID in comparison to an FID is that the PID is a concentration-sensitive detector, whereas the FlD is a mass flow-rate sensitive detector. Consequently, a design constraint for the PID is the construction of an ionization chamber with as small an internal volume as possible in order to obtain high detection sensitivity with low gas flows without adverse tailing of chromatographic peaks. Commercially avail able PIDs now have internal volumes less than 50 μl.
The PID is an especially good detector for the measurement of aromatic hydrocarbons. For these compounds the PID is ap proximately 50 times more sensitive than an FID, and has a 10 7 linear dynamic range. Other important PID applications have included the detection of vinyl chloride, organics in drinking water, polyaromatic hydrocarbons, sulfur compounds, tetraethyllead in work atmospheres, and many other compounds (11)
Thermionic Ionization Detector
The TID is based upon a principle of surface ionization in which gas phase sample compounds are ionized by their interac tion with a heated, appropriately activated solid surface. The most widely known use of the TID is for the specific detection of compounds containing nitrogen or phosphorus atoms. How ever, as is true for the PID, the basic TID equipment can be used to generate many different modes of detection through simple interchanges in the type of solid surface or its operating conditions.
The different modes of TID detection have been most exten sively developed according to principles of negative ion che mistry (13) . All modern TIDs employ a solid surface com posed of a ceramic or glass matrix molded onto an electical heater wire. An alkali metal compound is a common additive to the ceramic or glass material in order to provide a surface with an appropriately lowered electronic work function. Such a surface is biased at a negative voltage with respect to a nearby collector electrode, and is heated to a surface temperature in the range of 400 to 800°C, with the actual operating tem perature dependent upon the mode of detection. Under such conditons, the solid surface functions as a reservoir of negative charge, which can be transferred from the surface to gas-phase sample compounds that are electronegative in character. Such a thermionic emission process produces gas-phase negative ion species, which are collected and which constitute the TID detection signal.
The ionization produced in the TID is the result of a gassolid interaction rather than a gas-gas interaction, so there is no condition that equal concentrations of positive and negative ion species are formed, as in the case of the FID and PID. Instead, a plot of measured TID ionization current vs. polariza tion voltage is quite asymmetrical with respect to negative and positive polarities, as is shown in Figure 6 .
There are three key parameters in the TID that determine its response: the electronic work function of the thermionic sur face, which is determined by the chemical composition of that surface; the operating temperature of the thermionic surface, and the chemcial composition of the gas environment immdiately surrounding the thermionic surface. Different modes of TID operation are realized by variations in one or more of these key parameters.
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The simplest mode of TID operation is obtained when the thermionic emission surface is operated in an inert gas like N 2 .
In this mode, sample compounds eluting from the GC column interact directly with the hot thermionic surface with no inter vening gas-phase chemistry. This mode of detection provides very specific ionization of sample compounds that contain elec tronegative functional groups, such as NO 2 , multiple halogen atoms, SH, and others. Optimum sensitivity and specificity for this basic TID mode require a thermionic surface with a very low work function, and this has been achieved by embedding a high concentration of a cesium compound in a ceramic matrix (13) . This mode of detection has produced sub-picogram detec tivity for some nitro-compounds with an extraordinary specificity factor of 10 8 vs. alkane hydrocarbons. However, the response is very dependent on the detailed electronegative character of the sample's molecular structure, so compound-to-compound response differences can be substantial. It is interesting that even at high surface temperatures, the TID produces negligible ionization for aromatic hydrocarbons. This is in sharp contrast to the PID, which is an exceptional detec tor for aromatics.
The well-known nitrogen/phosphorus-specific mode of TID response is obtained with a detector gas environment comprising air and a small flow of H 2 . The nitrogen/phosphorus response turns on when the thermionic emission surface is hot enough to ignite a dissociated H 2 /air gaseous boundary layer in the im mediate vicinity of the hot surface. The active gas-phase chemis try in this boundary layer decomposes sample compounds, and 
